The main parameter for the assessment of coastal vulnerability and sediment transport is the wave run-up on the beach, defining the limit of maximum flooding, but also hydrodynamic properties in the Swash Zone (SZ) are trivial for the comprehension of hydro-morphodynamic processes. Several studies have been carried out on the SZ but few literature is still available on the run-up and on SZ flows on beaches protected by Low Crested Structures (LCSs), where flow motion is driven by a combination of low frequency infra-gravity waves and incident waves. In presence of breakwaters, swash incident waves are transmitted through the structure. In the transmission area behind the structures, wave energy is shifted to higher frequencies with respect to the incident wave spectrum and in general its mean period considerably decreases with respect to the incident one. Collecting in situ run-up measurements during storms is essential to understand the SZ processes and properly calibrate their both empirical and numerical models but measuring extreme run-up is difficult, due to the severe sea conditions and due to unexpected nature of storms. The present paper present a numerical and experimental analysis of the wave run-up and of the flow properties on a beach: the study shows the different behavior of unprotected and protected beach, subjected to the same wave conditions. In particular the paper shows that submerged breakwaters reduce in general the run-up height, on the basis of the calibrated 2DV numerical simulations, under extreme wave conditions (TR >50 years), the effect of submerged breakwaters seems to be negligible on the run-up height. Moreover a preliminary empirical equation for run-up with protected beach is proposed
INTRODUCTION
The determination of the risk of coastal inundation, defined as the flooding of coastal lands by ocean waters, has particular importance in many areas around the world. Generated by infrequent storms, severe coastal inundation is an event of relatively short duration but that can cause significant damage. The increase of the coastal water level above the astronomical tide during a storm is due to four distinct effects: barometric pressure, wind and wave setup, and wave run-up.
Traditionally, coastal flooding risks have been defined using an "event" based approach by which major storms are identified and extreme value analyses applied to derive the probabilities of extreme wave events. Subsequently, these have to be combined with similar extreme events of astronomical tide and storm surge levels using joint probabilities to derive the extremes of potential flood elevations.
Estimation of run-up is a crucial point in the mapping of vulnerability of coastal zones due to flooding. Low-lying areas in the coastal zone are vulnerable to flooding due to storm surge. The flooding episodes coming from the sea are principally due the effect of a storm surge, causing wave set up and wave run-up. These flooding scenarios together with the high human pressure on the coastal areas lead to coastal vulnerability.
The main impacts of these hazards on the coast turn into coastal erosion and the reduced width of beaches due to the increased sea levels and storm surges. Difficult decisions are required from those with responsibility for the management of coastal defences. Storm surge is the cause of wave overtopping which leads to flooding, of which the disastrous consequences are well known, but extreme overtopping events throw water over the crest with considerable velocities imposing serious hazards to both people and infrastructure. Indeed, these events can be extremely dangerous to people, cars and small buildings. Stockdon et al. (2006) suggests that the 2% of exceedance level derived from the probability density functions of run-up time series is a valuable measure of inundation hazard during storms.
Collecting in situ data of run-up during storms becomes necessary for a proper calibration for both empirical and numerical models: measure extreme run-up is difficult, due to the severe sea conditions and to the unpredicted nature of storms.
In literature, several parametric formulae are available to estimate run-up and extreme run-up (runup exceeded 2%, hereinafter R 2% ), they are manly based on laboratory experiments with a beach cross section with constant steepness (Hunt 1959 , Battjes 1974 and recently Soldini et al. 2012 , Sancho et al. 2001 , Bellotti et al., 2003 or field studies (Holman and Sallanger 1985 , Nielsen and Hanslow 1991 , Bryan et al. 2008 , Vousdoukas et al. 2009 ). Recently Stockdon et al. (2006) proposes a universal empirical formula aimed to estimate R 2% from offshore conditions. They considered several beaches exposed to ocean and long fetches. Structures parallel to the coast are designed in order to reduce the coastal erosion, but in several conditions they could be responsible for the increasing in wave run-up , due to the pilling up caused by the same structures. Studies and observations of run-up in presence of parallel structures are rare. Recently Hur et al. (2012) analyzed by means of 3D numerical simulations the characteristics of wave run-up height at shoreline with various arrangements of dual-submerged breakwaters. They found that for the considered configuration the wave run-up level at the shoreline behind the submerged breakwater is generally larger than that behind the open inlet.
The aim of the present paper is twofold: the numerical and experimental analysis of the wave runup are performed on both a natural and a protected beach, subjected to the same wave conditions. The paper is organized in the following parts: in the first section the study site and the field data are described; then the numerical model selected for the simulation is presented. For both the natural beach and the beach protected by the structure, the model set up and the validation are shown in details.
In Section 3, a comparison among results of numerical and empirical formulation is performed and, finally, the analysis on the run-up on protected and unprotected beaches under extreme waves is presented and discussed.
STUDY SITE DESCRIPTION AND FIELD DATA
The present study focuses on the Emilia Romagna coast, located in the Northern Adriatic sea. The coast of the region is a sandy dissipative beach and part of the land is a low land, at a level below the mean sea. It is clear how the flooding risk is a major issue in this region. For the importance of the topic, this area has been a study site during several Italian and international research projects. The wave climate is permanently monitored by two gauges: the wave buoy managed by ARPA SIM (http://www.arpa.emr.it/sim/mare/boa) and the tidal gauge sited offshore Cesenatico.
Experiments have been carried out at a specific location of the study site, between two river mouths, River Bevano at the south and River Fiumi Uniti at the north. We focus on this location because it is representative for the entire coastal region.
The Northern part, Lido di Dante, is protected by a system of structures. The Southern adjacent part is natural and the land in the back of the beach is protected by a system of dunes. So this is a perfect, suitable site in order to compare the different effects of storms and in terms of wave run-up on a beach. In case of beach protected by structures and in case of natural beach, which are subject to the same wave and meteorological conditions. The northern part, Lido di Dante, has been a study site during several projects (i.e. DELOS and CoastView projects), while the southern part is characterized by a natural dissipative beach protected by dunes; an available DEM shows the height of the dune and in particular the most critical part of the areaa with only 1.3 meter level above the sea and where we can expect a greater risk and hazard due to flooding during storms. The extension of this part is approximately 1 kilometer and the extension of the southern part is approximately 2.5 kilometers.
Lido di Dante is protected by a system of parallel structures, which are located 180 meters far from the beach, and three groins (Lamberti et al. 2005) . 
Field data
Detailed data and information on the site are available thanks to several field campaigns planned in the last 10 years.
In the period 2003 -2008, four intensive field campaigns were carried out aimed to measure waves and currents inside and outside the protected area, the set up or piling up (difference between sea water level on shore and offshore the pparallel breakwater) and the wave transmission.
Two ADCPs RDI Workhorse Sentinel self contained 1200 KHz, suitable for shallow water measurements, were installed at the sea bottom during 4 exhaustive hydrodynamic surveys: the first one at a depth of 3.5 m, 20 m onshore the LCS gap, and the second one offshore the low crested structures (the position of the ADCPs is shown in Archetti and Lamberti 2006) .
The ADCPs were programmed in order to measure directional waves every hour and velocity components along the vertical profiles, the deepest cell was placed 1 m from the bottom. The dimension of the cells was 0.35m. In the same time wave data were collected by the Wave Buoy in Cesenatico and sea water levels were collected by the tidal gauge placed in the Ravenna harbour (Porto Corsini).
At the same time, video images of the site were collected by the ARGUS station (Archetti, 2009 ). Besides the conventional images produced by the ARGUS (snapshot, timex and variance), the system is able to produce timestacks images, that are images in which the intensity of an array of pixels is plotted against time. Timestacks used in the research were located perpendicular to the studied beach.
Timestacks were collected every hour for a duration of 7 minutes at 2 Hz frequency. The video monitoring station installed in 2003 at Lido di Dante is a 3rd generation ARGUS station (Holman and Stanley 2007) . In this case, timestacks are able to show the run-up of the wave on the beach in the time. These optical instruments are equivalent to run-up gauges located on the beach.
An example of the plan view in Lido di Dante is presented in Figure 2 , where the timestacks have been simultaneously collected at the two cross sections (dotted lines). One of the collected timestacks is shown, as example, in Figure 3 , where the run-up extension on the beach and the peaks of the waves are clearly detected. 
Detection of wave run-up extension time series
In order to automatically detect the run-up extension on the beach, a proper procedure is developed for this work. This is based on the definition of a threshold of intensity pixel values: higher values are correlated to the sea, and lower values are correlated to the beach.
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Estimation of the wave run-up height: comparison of the bathymetry with intertidal beach bathymetry.
It is worth notice that in reality from this type of images we are able to detect the run-up extension on the beach, but not the run-up height. So with the aim to estimate the run-up height, which is the requested parameter in the estimation of the flooding hazard and vulnerability of the coast, it is necessary to transpose the run-up extension on the beach to the run-up height. This is an easy algorithm that correlates the extension to the height through the beach steepness. The main cause of error is that the beach steepness and the beach shoreline position are very dynamic. Previous works have quantified the evolution of the intertidal beach shape in Lido di Dante and the shoreline position (Archetti and Romagnoli, 2011) during storms. So in order to have a measure on the beach steepness and shoreline beach position at the beginning of the analyzed timestack, a sort of recalibration on the position of the sea water level and of the steepness of the beach is performed by detecting the intertidal beach bathymetry through a "video-based" algorithm. This is possible because in the Adriatic Sea the tidal exclusion is not very high but is sufficient in order to detect the intertidal beach bathymetry (i.e. the tidal vertical range is approximately ± 40 cm). This means that we are able to obtain more or less every two weeks the survey of the intertidal beach (through the availability of the sea water level by the tidal gauge located very close) and interpolate the shoreline position. The reconstruction of the crossshore profile position is so possible before each timestack measurement. Details on the methodology and its application are presented in Aarninkhof (1999) and in Archetti (2009) .
So just to summarize, before the beginning of the storm, the position of the shoreline, the steepness of the beach are detected and the cross-shore profile of the beach is reconstructed at the location of the 2 timestacks (see Figure 2) at the natural and protected beaches respectively.
Detection of the run-up peaks and their statistics
Once the run-up height is available, the wave peaks on the beach have been selected and their distribution and statistics are estimated, in particular the R 2% and R mean values.
Run-up simulation: the model set-up and validation
The used numerical model originally developed by Lin and Liu (1998) solves the 2DV Reynolds Average Navier-Stokes (RANS) equations and the k-ε closure (Launder et al. 1972 ) is adopted to model the Reynolds stress tensor. The implemented filtration law to simulate flows inside and around the rubble mound structures follows the Forchheimer expression, also accounting for non-linear effects. Torres-Freyermuth et al. (2006) and Clementi et al. (2007) validated the model for the simulations of wave interaction with LCSs, finding a good agreement to field and experimental data, especially in terms wave shoaling and run up. More details on the model can be found in Lin and Liu (1998) , Lara et al. (2006) and Gaeta et al. (2009) .
Two surveyed cross sections located at the center of the natural and the protected beaches at Lido di Dante are chosen and implemented in the numerical domain of the model, with dimensions equal to 350 m x 8 m. A grid sensitivity analysis has been firstly carried out in order to choose cell dimensions and distribution that slightly influence the computed results. Figure 4 shows the numerical domain for the natural (a) and protected beach (b), where the implemented breakwater is characterized by the geometrical dimensions as reported in Lamberti et al. (2005) and by the filtration coefficients as largely tested and validated in Clementi et al. (2007) for similar LCSs. In the present model, the wave generation occurs at the left boundary of the numerical domain, imposing free surface elevation and velocity profile according to linear wave theory using the Jonswap spectrum (γ=3.3), while no-slip and Neumann conditions are imposed at the bottom. In the calibration and validation tests, the wave attacks reported in Table 1 are reproduced simulating a one-hour storm and propagating both over the natural and the protected beaches. The computed results are compared to the run-up data collected by means of the video monitoring technique as described in the previous section. A comparison in terms of statistical values for the run-up is performed between simulation results and measurements. Figure 5 presents the results for wave W1 propagating along the natural beach. The solid black line shows the numerical evolution of the run-up in time; the dotted lines and the pointed lines represent the R 2% and the R mean values respectively, for numerical model (in blue) and for observations (in red). For all the tests the agreement is fairly good: the model seems to be able to satisfactorily predict the wave propagation and flow patterns across the surf zone. For the protected beach, the presence of gaps between the LCSs complicated the reproduction by 2DV model. However, two additional parameters for the model calibration are available: the piling-up value, (measured difference between the sea water level onshore and offshore the breakwater) and the transmitted wave through the structures. Figure 6 shows the computed run-up against the observations: the agreement is fairly good. 
Observations vs. empirical estimation
The first data analysis consisted in the comparison between the measured run-up on the natural beach estimated by the timestacks analysis and the empirical run-up obtained by applying the most common formulae in literature by Stockdon et al. (2006) . The comparison is reported in terms of scatter plot in Figure 7 : the observed values show a good agreement with the estimated ones. Wave run-up in presence of structures has been measured at the present study site applying the same methodology used for the natural beaches. In order to compare and to parameterize the process, under the approach used by Stockdon et al. (2006) for natural beaches, we have considered the value for R 2% as the sum of two main contributions: the excursion of the infragravity waves on the swash and the mean of the sea level.
The first contribution is correlated to the wave conditions at the site, i.e. the transmitted waves over the parallel structures. In order to parameterize transmitted waves in presence of a LCS in Lido di Dante, our measurements of transmitted waves have been compared to the most well-known equations available in literature for the estimation of transmitted waves in presence of structures (van der Meer and Daemen 1994 , D'Angremont et al. 1996 , van der Meer et al. 2005 , Bezzi 2011 ). Generally, the available empirical equations are based on data acquired during laboratory experiments, while for this case field data are used, so some scale effects can arise by this comparison.
An example of significant wave height onshore and offshore is presented Figure 8 , where the green line represents the wave height H s,i , as measured offshore the parallel structures. The light blue line shows the transmitted wave height H s,t , as measured by the ADCP onshore the breakwater, while red, black and dark blue lines report the transmitted wave height, as estimated by empirical equations in literature as presented in the figure legend.
The best agreement with the observations is reached by means of the equation proposed by van der Meer et al. (2005) , used hereafter in the present study. The wave setup or piling-up Δη (i.e. the vertical difference between the seawater level inside and outside the protected area ) is presented in Figure 9 during the first ADCP field campaign. In figure 9 , the value for Δη increases during storms and decreases with freeboard (the distance from the top of the structure from the seawater level R c ). Based on data collected during the four field campaigns, a calibration on the existing piling up equation by Loveless (1998) is obtained as a function of the offshore significant wave height H s and of the structure freeboard R c :, as:
(1) Merging the two described contributions and analyzing the variability of the run-up R 2% in presence of parallel structures with the values of H s,t and Δη, the following expression is found :
where k t is the wave transmission coefficient and β f is the beach steepness. The calibration of the Eq. (2) with the R 2% field data (Figure 10 ) yields to the following values for the coefficients a= 0.34, b= 0.50 and c=1. The result seems quite promising. We are confident that future research based on more analyses will give more results on this topic. So at the end of this part it was possible to give an empirical description of the run-up on beach protected by structure. More data will be useful to check if this empirical equation can be used or calibrated in other field conditions. The authors would like to point out that during this analysis, in the estimation of the piling up, for simplicity we didn't take into account the phenomenon of outflowing of the water through the gap of the structure. In reality in this case, there is a very narrow gap compared to the dimension of the structures. The consequence of this hypothesis can be an overestimation of the piling up and an overestimation of the R 2% on the beach.
Comparison between the two beaches configuration under extreme waves
Finally, in this last section, the run-up on beaches protected by the structures is compared with the run-up on the natural beaches, by means of measurements and numerical results. Observations based on the timestacks are presented in Figure 11 : in blue line the observed R 2% on a natural beach and in red line on the protected beach. The higher values for R 2% are found on the natural beaches, as expected. During the run-up field tests several storms were experienced, the wave height H s reached the value of 2.75 m and the sea water level 0.45 m, .These conditions have approximately 1 year return period (Lamberti et al. 2012 , Masina, 2011 . In order to analyze the different behaviors during extreme events, the conditions listed in Table 3 , combination of extreme H s and swl, have been simulated by means of the numerical model, so it was possible to estimate if the run-up difference for protected beach still verify during extreme events. For all the simulations, results are summarized in Table 4 . Conditions are expressed in terms of freeboard, which changes with the seawater level exclusion, offshore significant wave height, wave peak period and wave length. On the basis of the computed results, it seems that when extreme events occur, with a return period greater than 50 years, the wave run-up is approximately the same for the whole beach, no matter if protected or not. 
Discussion on future works and discussion
We are confident that future research based on further analysis on the study site will give interesting results on this topic. The present study results could be summarized as follows. Stockdon et al. (2006) well reproduces the R 2% at the natural beach at the study site coast. -Submerged breakwaters reduce in general the run-up height, confirming results by Hur et al. (2012) . -On the basis of the calibrated 2DV numerical simulations, under extreme wave conditions (T R >50 years), the effect of submerged breakwaters seems to be negligible on the run-up height. -A preliminary empirical equation for run-up with protected beach is proposed. A wider range of runup data will be useful to further validate this empirical equation or calibrate it in other field conditions. -More research needed on wave spectra transformation behind the structures.
